Two novel N ∧ O-type Schiff base ligands and the corresponding Co(II) complexes are reported. Thermogravimetric analysis indicated that the complexes are potential molecular precursors for the fabrication of cobalt and cobalt-containing nanomaterials. The significant difference in the thermal decomposition profiles is recognized as an influence of structural differences on the complexes. Thus, the complexes were thermally decomposed using the melt and hot injection methods to examine the properties of the obtained cobalt and cobalt sulfide nanoparticles, respectively.
Introduction
Nanotechnology-based research fields have shown a drastic increase in the interest of various metal nanoparticles (MNPs) compared to their corresponding group V and VI counterparts. This trend is primarily due to their unique properties, which are relatively easy to harness. MNPs are interesting systems due to their high proportion of surface atoms, which offer increased active sites, and to their unique electronic properties at the limit between the molecular and metallic states.
1 Cobalt nanoparticles possess extraordinary high-density
The methods used to prepare cobalt nanoparticles have been studied broadly. They include thermal decomposition, 3,4 gas vapor condensation, 5, 6 reduction of cobalt salt, 7, 8 and colloidal precipitation. 9 Thermal decomposition is mostly preferred due to its cost effectiveness and upscaling capabilities. The method normally involves the decomposition of Co complexes such as cobalt carbonyl (Co 2 (CO) 8 ) , 10 bis(salicylidene)cobalt(II), 11 and bis(2-hydroxyacetophenato)cobalt(II) 12 to obtain the corresponding Co MNPs.
Transition metal sulfide nanoparticles have also attracted immense attention due to their rich structural diversities, which lead to unique electronic and magnetic properties. 13, 14 They have reported applications in solar cells, light-emitting diodes, sensors, thermoelectric devices, lithium-ion batteries, fuel cells, and nonvolatile memory devices. 15−17 Cobalt sulfide is an intricate system that exists in many phases, such as CoS, CoS 2 , Co 2 S 3 , Co 3 S 4 , Co 4 S 3 , and Co 9 S 8 . 18−20 Thus, to obtain a phase-pure material presents a challenge, since minor variations of the synthetic parameters could complicate the crystal phase of Co-S systems. The control of morphology is also difficult during the synthetic protocol because of the stoichiometry caused by the coexistence of strongly reducible cobalt and oxidizable sulfide ions. 21 Nonetheless, cobalt sulfide nanoparticles have found use in many applications such as solar energy absorbers 22 and ultradense magnetic recording. 23 An appropriate example is Co 9 S 8 -based counter electrodes used in dye-sensitized solar cells, which collect electrons from an external circuit and speed up the reduction of I 3− for dye degradation. 24−28 Its use in Li ion batteries is also widely reported.
29−31
To synthesize cobalt sulfide nanoparticles, different methods are available. Maneeprakorn et al. 12 demonstrated access to phase-pure Co 9 S 8 nanoparticles through the solvothermal decomposition of di-t-butyldithiophosphinatocobalt(II) complex in the presence of tri-n-octylphosphine oxide and hexadecylamine at 300
• C. 32 They also reported both phase and morphology transformations of cobalt sulfide nanoparticles through the same method, although different Co(II) thiobiuret complexes and long-chain amines were used as precursors and solvents, respectively. 33 These cobalt sulfide nanoparticles exhibited cubic and/or hexagonal phases, as well as various morphologies, including trigonal prisms, spheres, and hexagonally faceted crystal structures. Other solvothermal-based routes are reported elsewhere. 34, 35 Cobalt sulfide nanoparticles are also obtained from various methods such as the hydrothermal method, 36 pyrolysis, 37 and template-confined growth.
38
Schiff bases are compounds that are rarely reported as precursors for the fabrication of nanoparticles and nanomaterials. Schiff bases are generally used as chelating ligands because they are capable of forming stable complexes with metal ions. 39, 40 The complexes are widely exploited for their biochemical and antimicrobial activities. For example, Co(II) Schiff-base complexes are simplified models in the study of reversible binding of dioxygen in the field of pharmaceutical science. 41−43 There are only a few reported articles on the synthesis of nanoparticles using Schiff base complexes as precursors.
44,45
Herein, we report for the first time the synthesis and characterization of novel Co(II) Schiff base complexes.
The report further demonstrates that the complexes are versatile molecular precursors in the fabrication of cobalt and cobalt sulfide nanoparticles. The former is achieved through a solventless melt method, while the latter focuses on a one-pot solvothermal method using 1-dodecanethiol as both sulfur source and capping agent.
Results and discussion

Characterization of the precursor
Schiff base ligands 1 and 2, obtained through the condensation reaction of the appropriate aldehyde with 4-methylorthophenylenediimine, were isolated in good yields as orange crystals from the slow evaporation of the methanolic solutions. The ligands could easily form complexes with Co(II), thus yielding complexes 3 (Scheme 1) and 4 (Scheme S1), respectively. The complexes precipitated as analytically pure brown crystalline solids directly from the reactions, without need of recrystallization. Microanalysis determined the purity of the synthesized compounds. Nuclear magnetic resonance (NMR) and Fourier transform infrared (FT-IR) spectroscopy provided structural elucidation. 
The
1 H NMR spectral identification of methoxy, methyl, and azomethine protons for ligand 1 are singlet peaks observed at 2.4, 9.7, and 15.2 ppm, respectively. The aromatic protons appeared in the range of 6.98-7.39 ppm as a multiplet peak and the protons of the hydroxyl group on the phenol moieties occurred at 15.2 ppm as a singlet peak. For ligand 2, the methoxy, methyl, and azomethine protons observed at 3.86, 2.57, and 8.92 ppm, respectively, are singlet peaks. The multiplet peak arising from the aromatic protons appeared in the same region as for ligand 1, while the hydroxyl proton observed at 12.46 ppm is singlet. The downfield shift of the hydroxyl proton may be due to strong internal hydrogen bonding.
46
The IR spectra show a shift from 1539-1560 cm Thermogravimetric (TGA) and differential scanning calorimetry (DSC) analyses can determine the thermal stability of the complexes. The TGA profile of complex 3 ( Figure S3 ) shows a single-step decomposition at 420 • C, corroborated by the exothermic peak observed at the same temperature in the DSC plot ( Figure S3 ). Although the complex is thermally stable in the 25 • C to 410
• C region, the DSC plot shows a series of physical phase transformations. The TGA profile for complex 4 ( Figure S4 ) shows a three-step decomposition pattern. The first decomposition step in the 100-110
• C region accounts for the 7% weight loss of water vapors.
A second sharp step at around 350 • C is due to the decomposition of volatile organic moiety. The DSC plot ( Figure S4 ) showed three exothermic peaks, which coincide with the decompositions occurring at 80
• C, and 820
• C. Furthermore, physical phase transformation occurs in the 140
Synthesis of cobalt nanoparticles by the melt method
The protocols used in the melt reactions mimic that of the TGA, i.e. decomposition under inert N 2 atmosphere.
The reactions occurred at 450
• C, a temperature slightly above that of the decomposition for complexes 3 and 4 ( Figures S3 and S4 , respectively). The reaction lasted for an hour, prior to cooling the furnace to room temperature under N 2 . At the specified temperature, the complexes displayed the true meaning of a single source precursor and provided self-capping upon decomposition, thus yielding cubic nanoparticles with an respectively. The method is considered self-efficient, i.e. the cubic shape of the nanoparticles coincides with the cubic crystal structure in the absence of solvents, which are normally employed to achieve this through minimizing surface tension resulting from contributing factors such as large van der Waal forces. Oxidation resulting from the exposure to air is common among challenges experienced in pursuit of preparing stable Co nanoparticles. 11 Our route, however, guarantees stability of the Co nanoparticles at ambient conditions.
Synthesis of cobalt sulfide nanoparticles by the thermolysis method
The optimum temperature and time conditions to obtain acceptable quality nanoparticles from the dual-source, one-pot hot injection method appear to be 270 • C and 4 h, respectively. The complexes and DDT are molecular precursors that release Co and S ions through decompositions pathways at elevated temperatures, thus yielding the corresponding cobalt sulfide material. The transmission electron microscope (TEM) images of the nanoparticles obtained from both complexes show signs characteristic of agglomeration (Figures 3a and   3b ), thus presenting a challenge to conclude anything regarding monodispersity and morphological features. 
52.9% for Co and 47.1% for S (Figure 4c). Nanoparticles from complex 4 exhibit atomic compositions of 42.3%
Co and 57.7% S, corresponding to 42.8% Co and 57.2% S theoretical values for Co 3 S 4 ( Figure 4d ).
Although the particle sizes could not be measured from the imaging techniques, the crystallite sizes of both Co 9 S 8 and Co 3 S 4 nanoparticles were then estimated by the Scherrer formula reported elsewhere and were 12.44 nm and 14.10 nm, respectively. 53, 54 Here the synthesis temperature is lower: 270
• C compared to 450 • C for cobalt nanoparticles produced by the melt method (section 3.2). For synthesis at 450 • C, the particle size is higher for complex 3 and no significant change is observed for complex 4. Increased synthesis temperature or thermal annealing at higher temperature is normally associated with increased particle sizes. 55 In the present case, complex 4 appears to have higher thermal stability, indicated by the lack of change in particle size from 270
• C to 450 • C.
Magnetic properties
Magnetic properties can offer useful information that is helpful in the understanding of the basics of nanomagnetism. The magnetization depends on different parameters such as constituent atoms, microstructure, shape, temperature, magnetic fields, and particle sizes and microstructures of the materials. 56 The magnetization measured at room temperature for cobalt nanoparticles obtained from complexes 3 and 4 appear to show ferromagnetic behavior (Figures 6-8) . The approach to saturation of the initial magnetization curves in Figure   8 were determined in high fields H > 2000 Oe using the empirical formula 57 for ferromagnets of the form
where a 1 and a 2 are constants, M S is the spontaneous magnetization, and χ hf is the high field susceptibility.
We attribute the term a 1 /H to structural defects or nonmagnetic inclusions, which we assume would exist in the present set of nanomaterials. The cause of a 2 /H 2 term is uniform magneto-crystalline anisotropy. When this term is included in the fits in Figure 8 , it does not give realistic a 2 values. Hence, we assumed a 2 ≈ 0 in the present case. The 
We find the anisotropy constant for complex 4 to be approximately double that of complex 3. Based on the EDX spectra in Figure 4d , complex 4 has higher S content than complex 3 (57.7% and 46.2%, respectively). Hence, we can expect a higher proportion of nonmagnetic inclusions in complex 4 to account for a higher coercive field and anisotropy, as expected from magnetization measurements. In conclusion, the work demonstrates that novel Co(II) Schiff base complexes are versatile molecular precursors for the fabrication of cobalt and cobalt sulfide nanoparticles. The melt and hot injection methods offer access to cost-efficient and easily modifiable routes, respectively. This allows fine-tuning of the nanoparticles' properties. Phase-pure cobalt nanoparticles obtained by the melt method at a reaction temperature as low as 450
• C exhibited ferromagnetic behavior, indicating possibility for applications in magnetic fields. The one-pot hot injection method produced cobalt sulfide nanoparticles of different crystallographic phases, mainly due to the structural differences of the precursors. We suspect that Co 3 S 4 has higher anisotropy and thermodynamic stability than Co 9 S 8 .
Experimental
Materials
All reagents and solvents were of analytical/spectroscopic grades and used without further purification. These included tri-n -octylphosphine, 1-dodecanethiol (DDT), 2-hydroxy-1-naphthaldehyde, Co(II) acetate, 4-methylo -phenylendiamin, 2-hydroxy-5-methoxybenzaldehyde, and triethylamine from Sigma-Aldrich (St. Louis, MO, USA), while ethanol and methanol solvents were from Merck, South Africa. 
Characterization
Synthesis of N, N ′ -bis(5-methoxybenzaldehyde)-4-methylorthophenylenediiminatocobalt(II) complex 4
The reaction protocol for 3 was followed with minor modifications. Co(II) acetate (750 mg, 3.00 mmol), the Schiff base ligand (2) (1.18 g, 3.00 mmol), and triethylamine (610 mg, 6 mmol) were used. 
Synthesis of cobalt nanoparticles by melt method in a furnace
In a typical reaction, 100 mg of the complex is transferred into a 1 × 2 (l × b in cm) ceramic boat which is then placed in a glass tube connected to a N 2 line. Subsequently, the tube is inserted into an electric furnace, and gradually heated to 450
• C under the constant flow of nitrogen gas for 1 h. Before removing the tube, the furnace is cooled to room temperature and a black residue is collected for further analyses.
Synthesis of cobalt sulfide nanoparticles by thermolysis
The cobalt sulfide nanoparticles were synthesized by solvothermal decomposition of complexes 3 and 4 in DDT following reaction protocols reported elsewhere. 59 Briefly, 200 mg of each Co(II) Schiff base complex was dissolved in tri-n-octylphosphine (6.0 mL) to produce a dark purple solution, which was then injected into preheated DDT (6.00 g) at 270
• C in a three-neck flask equipped with a condenser and thermometer. The solution turned black and its temperature decreased. After the solution stabilized back to 270 • C, it was stirred for an additional 4 h, after which the solution was cooled to about 70
• C and excess methanol added to induce a reversible flocculation of the nanoparticles. The black flocculate was separated from the supernatant via centrifugation. We repeated the washing of the flocculate using excess methanol three times. The resultant Co nanoparticles were dissolved in toluene for characterization. 
